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We report on recent calculations of the medium-induced gluon radiation off hard par- 
tons. The employed path-integral formalism reduces in limiting cases to the main "jet 
quenching" results of the existing literature. Moreover, it describes destructive inter- 
ference effects between medium-independent and medium-induced radiation amplitudes. 
These affect the angular distribution and L-dependence of the medium-induced gluon 
bremsstrahlung spectrum significantly. 

1. Introduction 

At this conference, the PHENIX and STAR Collaborations have presented hadronic 
transverse momentum spectra in central Au+Au collisions at a/snn = 130 GeV[[L],0. 
In comparison to rescaled p + p UAl reference data, these spectra show a depletion at 
high transverse momentum (2 GeV < p± < 6 GeV). This may be the first experimental 
indication for jet quenching ||, predicted by Gyulassy and Wang || a decade ago. 

In general, hadronic transverse momentum spectra contain both a soft and a hard 
physics component. The hard component, which dominates at sufficiently high p±, can be 
calculated by convoluting the incoming parton distributions with partonic cross sections. 
Parton fragmentation functions parametrize how the partons produced in hard processes 
translate into final state hadrons. Thus, the origin of any medium-dependence of high-p^ 
transverse momentum spectra has to be traced back to either i) nuclear modifications 
of the initial state (e.g. nuclear shadowing) or ii) medium-induced changes of the final 
state parton fragmentation. While information about nuclear shadowing can be obtained 
from other observables (e.g. DIS in e-A), the study of the medium-dependence of parton 
fragmentation functions D^(z) is still in its infancy. Here, we review recent calculations 
'1 °f the radiative energy loss off hard partons which aim at describing the medium- 
induced shift in the energy of the fragmenting parton. For a complementary approach, 



see Ref. 12 . 
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Figure 1. The fragmentation of a hard quark via gluon radiation (a) outside and (b) 
inside a nuclear environment. 
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2. Medium-induced Gluon radiation 



Fig. |T](a) shows a typical building block of the DGLAP evolution equation. This gluon 
radiation shifts the energy of the quark by a factor 1 — x. To describe medium-induced 
changes of such partonic fragmentation patterns, we consider multiple scattering contribu- 
tions, see Fig. |l|(b). For the Gyulassy-Wang model which mimicks the nuclear medium by 
a set of static coloured scattering potentials, these scattering contributions were calculated 
recently by several groups 0-11]. All published results are limiting cases of the following 
expression for the medium- induced gluon radiation cross section off a hard quark fllPf: 



d 3 



a 



O'.s 



d(\n x) dk± 
x I due' 



(2vr) 2 u 2 



N c C F 2Re 



dyi / dyie 
Jyi 



-e\yi\-t\yi\ 



ik x -u e 2 



ay ou 



(1) 



Here, x denotes the energy fraction of the hard quark, carried away by the gluon, and 
its transverse momentum. Information about the nuclear medium enters via the combi- 
nation n(£) c(r), where n(£) determines the density of scattering centers in the medium, 
and the dipole cross section a(r) oc / dq_|_ |ao(cLi_)| 2 (1 ~ e~* q± ' r ) contains configuration 
space information on the strength of a single elastic differential scattering cross section 
l a o(q_i_)| 2 - denotes the two-dimensional path-integral jS] 
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3. Opacity Expansion 



In relativistic heavy ion collisions, hard partons typically propagate over distances L = 
1 — 10 x A m f p inside the excited nuclear medium. To access this region, we expand 
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the radiation spectrum ([!]) in powers of opacity [a s f d^n(^)j which is related to an 
expansion in the number of scattering centers. For arbitrary N, it can be shown that the 
radiation spectrum ([!]) interpolates between the classically expected iV-fold scattering 
results in both the coherent (L — > 0) and incoherent {L — > oc) limiting cases 1T0|]. For 
example, up to first order [TO] 
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Here, Q = Q\ = < - k± ^ t± - > are transverse energies, the "hard" term % Nc Cp H(kj_), 
H(k±) = p-, is the medium-independent contribution of Fig. |l|(a) and / is a shorthand 

for integrating over the elastic scattering cross section. Eq. (§) is the incoherent "classical" 
parton cascade limit of (|l]): the medium-independent hard term H(k±) is reduced by 
the probability W\ of an additional scattering. With the probability for this scattering, 
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Figure 2. (a) Medium-induced energy loss for a quark of E = 100 GeV as a function of 
the in-medium path length L. (b) The double logarithmic presentation of (a) indicates 
logarithmic deviations from the BDMPS-L 2 -law. 



the hard term is shifted in transverse momentum to H(k± + qj_), and the medium- 
induced gluon radiation off the hard quark leads to a Gunion-Bertsch radiation term 

„2 

-R(kj_,q_i_) = k a ( k± + q± )2 - The k^-integral of the medium-dependent part of @ is the 



GLV-radiation cross section |[T| . This lowest order opacity approximation was compared 



to RHIC data at this conference ||. 

4. Dipole Approximation 

For large in- medium path length L 3> A m f p , the integrand of the radiation cross section 
([!]) is dominated by small transverse distances u for which <r(u) ~ C u 2 up to logarithmic 
accuracy. In this quadratic approximation, the path-integral /C is that of a harmonic 
oscillator, and ([!]) can be reduced to a two-dimensional integral which has to be evaluated 
numerically [HiFOll - The medium dependence enters then via the rescattering parameter 
no C which parametrizes the average squared transverse momentum picked up by a hard 
parton per unit pathlength, uqC = This is a measure of the transverse colour 

field strength seen by a hard parton ]ID|. In cold nuclear matter, 0.1 fm -3 < n C < 0.5 



fm -3 while in heavy ion collisions, one expects no C > 1.0 fm~ 3 flBlJlOl. In what follows, we 
consider the medium-induced deviation of the radiation spectrum, a me d(no C) = a(n C) — 
a(no C = 0). The radiative energy loss AE is 

^-(n C,L,E,x) = I dxx ( dk± f . (4) 

E Jo " / |k x |<x^ a{mx) dk ± 

For x — 1) the kj_-integral goes up to the kinematical boundary kj_ = uj and (||) gives the 
total radiative energy loss. For typical spatial extensions in heavy ion collisions, L < 10 
fm, we find that the radiative energy loss is very sensitive to the rescattering properties 
n C of the medium, see Fig. Its L-dependence satisfies approximately the L 2 -law 
discovered by BDMPS. However, the destructive interference between hard and medium- 
induced radiation, leads to a delayed onset of any radiative energy loss: AE in Fig. |2| 
turns negative for L < 2 fm. This increases the fraction of hard partons whose in-medium 
path length is too small to result in a significant medium-dependence ("corona effect"). 



4 




The x-dependence of (f|) translates into an opening angle and allows to calculate radiative 
energy loss inside a finite jet cone. While the total energy radiated outside a finite angle 
decreases monotonously with increasing opening angle B, this is not the case for the 
medium- induced deviation obtained from (|) and o~ mc d( n oC) = ff(fio C) — cr(n C = 0). 
Medium- induced multiple scattering broadens the medium- independent term a (no C = 

0) oc p ► (kx+qjjz ■ This leads to a maximum of AE(Q) for finite opening angle. As a 

consequence, the kj_-integrated energy loss expressions AE(Q = 0) presented in previous 
works are not necessarily upper bounds for the energy lost outside a realistic jet cone. 
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